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Chapter  1 . 
Introduction . 


One  of  the  first  studies  of  a  Pseudomonas  bacterio¬ 
phage  was  made  by  Hadley  in  1924,  only  a  few  years  after 
the  discovery  of  the  existence  of  phages  by  Twort  and 
d ‘ Herelle , 

Hadley  reported  finding  a  lytic  principle  associated 
with  one  of  two  strains  of  Pseudomonas  aeruginosa  isolated 
from  a  hospital  patient.  The  lytic  principle  was  present 
in  filtrates  obtained  by  passing  a  broth  culture  of  the 
strain  with  which  the  phage  was  associated  through  a  Berk- 
feld  candle.  The  filtrate  caused  lysis  to  occur  in  certain 
strains  of  aeruginosa  and  P.  f luorescens ,  but  not  in 
other  bacterial  species .  Hadley  also  showed  that  the  con¬ 
centration  of  the  lytic  principle  increased  at  the  expense 
of  bacteria  of  a  sensitive  strain. 

The  pathenogenicity  of  _P.  aeruginosa  has  motivated  a 
number  of  studies  into  the  use  of  phages  as  agents  for  typ¬ 
ing  strains  of  this  organism  isolated  from  hospital  patients. 
A  recurring  theme  in  much  of  this  work  is  the  prevalence  of 
the  lysogenic  condition  in  many  of  the  strains  isolated  from 
natural  sources.  Warner,  in  1950,  isolated  at  least  25 
phages  from  68  strains  of  P.  aeruginosa .  Feary  and  Fisher 
(1963a)  found  that  95  strains  of  P.  aeruginosa  isolated  from 
hospitals  in  New  Orleans  were  all  lysogenic  for  one  or  more 
phages.  Holloway  (1960)  found  that  45%  of  the  200  strains 
he  isolated  from  hospitals  in  Melbourne  were  lysogenic. 
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In  a  later  study  Holloway  ad  (1960)  divided  phages 
isolated  from  amongst  81  strains  of  P.  aeruginosa  into  6 
groups  according  to  their  serological  cross  reactions.  The 
members  of  each  group  were  found  to  correspond  in  properties 
other  than  their  antigenic  type.  Phages  of  one  group  were 
readily  produced  after  induction  by  U.V.  light  of  the  bacter¬ 
ial  strains  lysogenic  for  them.  Three  other  groups  were 
characterized  by  the  transducing  properties  of  the  phages. 
Another  group  contained  phages  of  a  virulent  type  which  were 
able  to  lyse  broth  cultures  of  sensitive  bacterial  strains 
completely,  no  lysogenic  bacteria  being  produced. 

Electron  microscope  studies  by  Bradley  (1963)  and 
Feary  and  Fisher  (1964)  have  revealed  that  P.  aeruginosa 
phages  are  characterized  by  a  wide  variety  of  morphological 
forms  and  sizes.  Many  of  these  resemble  the  characteristic 
forms  of  different  E.  coli  phages. 

Only  recently  have  reports  of  biochemical  studies  on 
aeruginosa  phages  appeared.  A  minute  phage,  7S,  having 
a  diameter  of  25  mji,  was  found  associated  with  a  strain  of  P. 
aeruginosa  by  Feary  and  Fisher  (1963b,  1964) .  The  nucleic 
acid  component  contains  adenine,  guanine,  cytosine,  and  ura¬ 
cil  in  approximately  equal  quantities  and  ribose.  A  brief 
description  of  a  DNA-containing  phage  was  reported  by  Grogan 

and  Johnson  in  1964.  The  phage  particle  contains  approxi- 

—  1  6 

mately  1.2  x  10  gm  of  DNA  which  appears  to  have  a  highly 
ordered  structure:  guanine  and  cytosine  comprise  55%  of 
the  DNA  bases.  The  phosphorus  content  was  8.7%  of  the  DNA. 

More  extensive  biochemical  studies  should  permit  a 
comparison  to  be  drawn  between  phages  and  phage-host  relation- 
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ships  of  Pseudomonas  species  and  those  of  other  bacterial 
species.  This  thesis  describes  the  purification  and  some 
morphological  and  chemical  properties  of  a  bacteriophage 
virulent  for  a  strain  of  _P.  aeruginosa .  These  properties 
are  compared  as  far  as  possible  with  those  of  other  phages 
possessing  similar  morphological  properties,  in  Chapter  4. 
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Chapter  2 . 


A.  Biological  Materials  and  Methods. 


1.  Host  bacterium  -  P.  aeruginosa  B71. 

The  organism  used  in  these  studies  was  Pseudomonas  aeru¬ 
ginosa  strain  B71,  obtained  from,  the  Microbiology  Department, 
where  it  was  isolated  from  raw  milk  in  a  classroom  experiment, 

2 .  Growth  media , 

a.  Defined  medium. 

Preliminary  studies  of  growth  conditions  for  the  bacter¬ 
ium  indicated  that  it  would  grow  well  in  the  salts  glucose 
medium  described  by  Jacob  (1952)  .  The  composition  of  this 
medium  is  as  follows 


KH^PO^ 

13.6 

gm 

(NH^)2S0^ 

2.0 

gm 

MgSO^,7H20 

0.2 

gm 

Ca(N0_).. 

3  z 

0.1 

gm 

FeSO,  .7H,^0 

4  2 

0,5 

mg 

water  to  1000  mil 

The  pH  was  adjusted  to  7.0  with  KOH.  Sterile  30%  glucose  sol¬ 
ution  was  added  to  the  autoclaved  salts  solution,  to  give  a 
final  concentration  of  3  gm  per  liter.  In  practice  the  above 
medium  was  modified  slightly  by  using  CaCl^  instead  of  CaCNO^)^ 
and  by  using  the  following  stock  solutions 


(NH^)2S0^ 

FeSO^ 

CaCl2 

MgSO^ 


1.5  M 
0.0028  M 
0.01  M 
0.1  M 


10.0  ml/liter 
1,0  ml/liter 
1.0  ml/liter 
10.0  ml/liter 
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The  KH2P0^  was  still  added  as  described  above. 

b.  Nutrient  broth. 

Nutrient  broth  was  routinely  used  as  a  growth  medium 
for  seeding  cultures,  the  formula  being  as  follows 

Nutrient  broth  (Difco)  10  gm  per  liter. 

This  was  dissolved  in  water,  and  the  solution  buffered  with 
sodium  phosphate  to  give  a  final  pH  of  7.0  and  a  phosphate 
concentration  of  0.01  M.  Sterile  30%  glucose  solution  was 
added  to  give  a  final  concentration  of  0.3%. 

c.  Solid  agar. 

Nutrient  agar  for  plates  and  slants  was  prepared  as 
follows : 


Bacto  agar  (Difco) 

15 

gm 

Nutrient  broth  (Difco) 

10 

gm 

NaCl 

5 

gm 

Glucose 

1 

gm 

water  to  1000  ml 

d.  Semi- solid  agar. 

Nutrient  agar  for  use  in  phage  titrations  was  prepared 
in  the  same  manner  as  the  solid  agar  except  that  6.5  gm  of 
agar  per  liter  were  added. 

3,  Standard  diluent. 

Physiological  saline  containing  0.01  M  sodium  phosphate 
pH  7.0  was  used  for  the  dilution  of  bacterial  cultures  and 
phage  preparations  prior  to  assay. 
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4.  Propagation  of  P.  aeruginosa  B71. 

In  order  to  ensure  that  the  host  strain  was  pure,  strain 
B71  was  grown  in  nutrient  broth,  and  then  spread  on  a  nutrient 
agar  plate  to  give  single  colonies.  A  single  colony  was  picked 
and  grown  in  nutrient  broth,  then  spread  on  a  nutrient  agar 
plate;  the  process  of  picking  single  colonies  and  producing 
cultures  from  these  was  repeated  a  number  of  times.  To  pro¬ 
vide  stock  cultures  of  ]P.  aeruginosa  B71  and  to  ensure  the 
viability  of  these  cultures,  the  bacteria  were  maintained  by 
spreading  a  loopful  of  an  early  log  phase  nutrient  broth  cult¬ 
ure  on  a  nutrient  agar  plate.  A  single  colony  was  picked  to 
inoculate  nutrient  broth  which  when  cultured  to  a  suitable 
stage  was  used  as  seed  for  phage  titrations  or  to  inoculate 
liquid  cultures. 

5.  Growth  characteristics  of  P.  aeruginosa  B71. 

Growth  rates  were  measured  in  both  nutrient  broth  and 
in  defined  medium, using  a  growth  vessel  constructed  from  a 
250  or  500  ml  conical  flask.  A  25  mm  tube  was  sealed  to 
the  mouth  of  the  flask  and  a  side  arm  sealed  to  the  flask 
so  that  samples  could  be  withdrawn.  Turbidity  was  measured 
by  inverting  the  flask  so  that  the  medium  inside  was  con¬ 
tained  in  the  25  mm  tube,  which  served  as  a  cuvette  for  use 
in  the  Coleman  Junior  spectrophotometer.  The  turbidity  was 
determined  at  650  mp,  for  nutrient  broth  cultures  and  440  m|j, 
for  cultures  grown  in  the  defined  medium.  Appropriate 
blanks  were  used  in  each  determination. 


•FIG  4-. 

The  increase  in.  viable  count  (c,  f  ,11, /ml, )  with  time  (hours) 
of  P,  aeruginosa  B  71  growing,  in  defined  medium  at  37<>C. 
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a.  Growth  in  nutrient  broth. 

A  30  ml  aliquot  of  nutrient  broth  was  inoculated  with 
an  aliquot  of  an  overnight  nutrient  broth  culture  and  incu¬ 
bated  at  37°C  in  a  shaking  water  bath.  The  turbidity  of  the 
culture  was  measured  at  hourly  intervals  and  aliquots  were 
withdrawn,  diluted,  and  plated  for  estimation  of  the  viable 
cell  count.  The  correlation  between  turbidity  and  viable 
count,  and  between  viable  count  and  time,  are  depicted  in 
Figs.  1  and  2.  The  doubling  time  can  be  estimated  from  Fig. 

2  to  be  about  30  mins. 

b.  Growth  in  defined  medium. 

A  similar  procedure  was  followed  for  the  correlation 
of  turbidity  with  viable  cell  count  and  viable  cell  count 
with  time  in  the  defined  medium.  These  are  depicted  in  Figs 

3  and  4.  The  doubling  time  can  be  estimated  from  Fig.  4  to 
be  about  70  mins. 

6.  Agar  layer  method  of  phage  titration. 

The  method  used  to  assay  phage  was  based  on  that  of 
Adams  (1959) .  Semi-solid  agar  was  melted,  cooled  to  45°C, 
and  3  ml  aliquots  dispensed  into  sterile  test  tubes  kept 
in  a  water  bath  at  45°C.  Aliquots  of  0.2  ml  of  a  nutrient 
broth  culture  of  aeruginosa  B71,  the  turbidity  of  which 
was  0,05  to  0,25  Coleman  units ,  were  added  to  the  tubes  of 
agar.  This  turbidity  range  was  found  to  give  fairly  consist 
ent  titration  results  in  experiments  performed  on  a  standard 
phage  suspension.  The  phage  suspension  was  serially  diluted 
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in  saline  phosphate  buffer  and  a  0.1  or  0.2  ml  aliquot  of 
the  appropriate  dilution  was  added  to  a  tube  of  soft  agar 
seeded  with  bacteria.  The  contents  of  the  tube  were  mixed 
and  quickly  spread  over  the  surface  of  an  agar  plate.  The 
plates  were  incubated  at  37°C  overnight^  and  the  plaques 
that  developed  were  counted  and  corrected  for  dilution. 

7.  Isolation  of  bacteriophage  SDI . 

Four  strains  of  _P.  aeruginosa  -  B71,  PAE-2^  24',  and 
20'  -  were  obtained  from  Dr.  Campbell  of  the  Microbiology 
Department.  With  the  exception  of  strain  20'  they  were 
found  to  grow  satisfactorily  in  the  defined  medium  of  Jacob 
(1952)  which  was  chosen  arbitrarily  for  this  purpose.  Samples 
of  raw  and  effluent  sewage  were  obtained  from  the  Edmonton 
city  sewage  plant,  and  centrifuged  at  4,500  r.p.m.  for  5  mins 
in  the  International  centrifuge.  Aliquots  of  the  supernatant 
of  the  raw  sewage  sample  were  added  to  the  log  phase  cultures 
of  strains  B71,  PAE-2,  and  24'.  The  cultures  were  incubated 
at  37°C  with  shaking  overnight.  The  following  day  the  cult¬ 
ures  were  lysed  with  chloroform,  centrifuged,  and  the  super¬ 
natants  titrated  against  nutrient  broth  cultures  of  the  bac¬ 
terial  strains  originally  used  for  the  production  of  each 
particular  lysate.  Plaques  were  produced  with  strain  B71 
only.  These  were  of  three  kinds;  small  without  a  halo, 
medium  with  a  halo,  and  large  with  a  halo. 

Since  all  four  strains  grew  well  in  nutrient  broth, 
the  experiment  was  repeated  using  effluent  sewage. 

Again  B71  was  the  only  strain  yielding  plaques . 


Figure  5 


Plaque  morphology  of  phage  SDI 
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Two  additional  strains,  MAC  264  and  489,  also 
strains  B71,  24',  and  PAE-2,  were  grown  to  log  phase  in  the 
defined  medium,  and  incubated  with  aliquots  of  a  freshly 
obtained  sample  of  effluent  sewage  which  had  been  passed 
through  a  Millipore  filter  to  remove  sewage  bacteria.  After 
incubation  the  cultures  were  shaken  with  chloroform,  centri¬ 
fuged,  and  the  supernatants  titrated  against  the  correspond¬ 
ing  bacterial  strains  as  before.  Plaques  of  the  three  types 
already  described  were  produced  on  both  MAC  264  and  B71 
strains.  When  each  of  the  plaque  types  produced  from  either 
of  the  two  sewage  samples  was  stabbed  and  replated,  each  gave 
rise  to  a  mixture  of  plaques,  small,  medium,  and  large.  Thus 
it  was  assumed  that  only  one  plaque  type  had  been  isolated. 

In  experiments  to  determine  whether  MAC  264  or  B71  would 
be  the  most  satisfactory  host  strain,  it  was  found  that  the 
yield  of  phage  from  MAC  264  seemed  to  be  less  than  from  B71. 
The  reason  for  this  was  not  determined  however,  and  strain 
B71  was  chosen  as  the  host.  The  morphology  of  the  phage  was 
revealed  at  this  stage  in  negatively  stained  preparations 
from  a  plaque  examined  in  the  electron  microscope  by  Dr.  T. 
Yamamoto  of  the  Microbiology  Department. 
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Chapter  2 . 


B.  Chemical  and  Physical  Methods. 

1.  Electron  microscopy. 

Electron  microscope  studies  were  performed  at  times 
when  it  was  desired  to  check  the  purity  of  phage  prepara- 

12 

tions.  A  few  ml  of  preparations  titering  at  least  1  x  10 
p.f.u.  per  ml  in  1%  ammonium  acetate  were  given  to  Dr.  T. 
Yamamoto  who  performed  negative  staining  in  phosphotungstic 
acid  and  subsequent  electron  microscopy  on  these  preparations. 
Measurements  of  the  dimensions  of  the  phage  were  made  from 
electron  microscope  pictures. 

2.  Nucleic  acid  extraction. 

The  method  of  Mandell  and  Hershey  (1960)  was  used  to 
extract  DNA  from  purified  phage  preparations.  Aliquots, 

10  ml  of  phage  preparations  titering  between  8  x  10^^  and 

12  .  . 

2  X  10  p.f.u.  per  ml  were  extracted  three  times  with 

10  ml  of  water  saturated  distilled  phenol:  the  phenol  lay¬ 
ers  were  washed  successively  with  10  ml  of  0.1  m  NaCl- 
phosphate  buffer.  The  combined  aqueous  layers  were  extract¬ 
ed  once  with  cold  ether,  the  DNA  was  precipitated  with  2 
volumes  of  cold  isopropanol  and  the  precipitate  washed  twice 
with  cold  95%  ethanol.  The  DNA  precipitate  was  partially 
air  dried,  and  then  dissolved  in  distilled  water  or  buffer, 
as  required. 

3.  DNA  estimation. 

DNA  in  whole  phage  preparations  titering  no  less  than 


-10- 


ifiPxwQdP  .a  .  ^  ^ 

.«■ 

.  ygoosoiLoini  no:i:t0eX3  ,I 

8&fni^  JB  faennio^Tiaq  eiew  asl&jjite  sqoDaogDi/n  nouosXS 
— fii^qsiq  apftrlq  Jo  QdJ  :>fo9ffo  o:t  feaiiaab  ecw  Jl  nacfw 

^■^01  X  I  :^2B9X  Je  pnX:i95i3  afici:t6'ifiqa:tq  Xtn  wai  A  .enoxi 

,T  .iQ  og  aavxp  eiav  sJE:fQOE  aiiJlnonxiB  ^X  nx  i/n  aaq  .xi.!t.q 
3x:tapfiujor(qaorfq  ni  p/tinifcJa  sviz^fipaa  bauno^iaq  orfw  o&ooiBmsY 
.  8noii&i6q&iq  &esdJ  no  '^qcoso^ioim  r.oiztoaXa  :fn90i>a8cfx;8  bfiB  blofi 
(sio'xJ  sbfir?  9‘J9w  9p£ifiq  ©rfj  snoxapainiJb  Sil;#  a^Jaa/nsxusBsM 

.as-aiJiaiq  aqooaoioxm  nou^oeXs 

,c*^ 

.  noiJ3B-x.:txa  bioB  oxeXouM  .S 

oj  baaif  SBw  (OdeX)  bnfi  XlabncM  io  JbOff:^s>m  erfT 

^aztoxjpxXA  .anoiitfeisqaiq  soflriq  fc^i'ixxjuq  mozJ  PMQ  JobiJxq 

briB  ‘^‘^OX  X  8  nsewd-od  pnitaiXd  ai>QXdfiXfiqdXq  apfidq  Jo  Im.  OX 

£I 

jfdxw  aonixJ  aaxrid  fcodo^xdxa  sxow  tni  isq  ,o,5.q  OX  x  S 
Xonsdq  srfi  :Xorx9dq  bailxdaib  badsnodsa  ^9d6W  Jo  im  OX 
-iOB?4  M  X.O  Xm  OX  ffdiw  ^Xavieesooue  barfasw  axew  b:i9 

'f' 

-^ocg:iX9  aiev/  auooupB  banicfffioo  erfl  .xsiducf  sdfiflqaodq 

£  ffdiw  bsdfidlqiosxq  a/sw  AKQ  add  ^ttadda  bXcp  ridxw  aorfo  bo 
9Dxwd  bo^iauw  adeJxqxos'xq  add  one  XonBqonqoax  bloo  lo  adCOuXov 
YlXBXdxcq  anw  adjsdiqxoaxq  AMO  arfT  .  lon&dda  bloo  rfdxw 

^xsdlucf  lo  xodfiw  baIXidaxb  nx  bevXoeaxb  narfd  bnfi  »bexnb  ixb 

.bexiupsx  as 

,  rioIdsmxdBa  AKQ  ,£ 

nerfd  EaaX  on  pnxiadxd  anoxdsxsqaxq  apsriq  eXo/fw  nx  A5ia 


-OX- 


-11- 


10^^  p.f.u.  per  ml  and  in  stock  solutions  of  DNA  was  esti¬ 
mated  by  the  diphenylamine  method  of  Burton  (1956) .  This 
method  involved  hydrolysing  aliquots  of  from  0.5  to  2.0  ml 
of  the  DNA-containing  samples  for  15  mins  at  70*^0  in  0.5  N 
perchloric  acid,  and  estimating  the  purine  bound  deoxyribose 
liberated  by  treatment  with  diphenylamine  reagent.  A  stand¬ 
ard  deoxyguanosine  solution  (prepared  from  Calbiochem  grade 
A  deoxyguanosine) ,  was  used  to  prepare  a  standard  curve  each 
time  the  assay  was  performed.  Using  the  conditions  described 
by  Burton,  1  to  2  |ug  of  DNA  can  be  measured.  The  standard 
curve  was  linear  for  samples  containing  less  than  15  |ug  of 
deoxyguanosine  per  ml. 

4.  Phosphorus  estimation. 

Phosphorus  estimations  were  performed  using  the  micro¬ 
method  of  Ames  and  Dubin  (1960) .  A  5  ml  sample  of  purified 

phage  in  1%  ammonium  acetate,  titering  approximately  1  x 
12 

10  p.f.u.  per  ml,  was  sedimented  at  30,000  r.p.m.  in  the 
No  40  rotor  of  the  Model  L  Spinco  ultracentrifuge.  The 
pellet  was  resuspended  in  0.5  ml  of  1%  ammonium  acetate. 
Determinations  of  the  phosphorus  content  of  whole  phage  were 
carried  out  on  this  suspension.  Total  phosphorus  was 
determined  on  the  supernatant  left  after  precipitating  the 
phage  with  an  equal  volume  of  cold  10%  trichloroacetic  acid 
and  sedimenting  the  precipitate  in  a  clinical  centrifuge. 
Aliquots  of  5  to  40  |il  of  the  whole  phage  preparation  and 
50  to  100  \il  of  the  suspending  medium  after  removal  of  the 
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phage  were  ashed  with  Mg(N02)2  and  the  resulting  residue 
was  dissolved  in  0.5  N  HCl .  A  phospho-molybdate  complex 
was  formed  and  the  amount  present  estimated  at  820  rn^i,  us¬ 
ing  the  Beckman  DU  spectrophotometer.  Aliquots  of  a  stan¬ 
dard  phosphorus  solution  prepared  from  potassium  dihydrogen 
phosphate  ("Baker  analysed"  reagent  grade)  were  used  to 
prepare  a  standard  curve  each  time  the  assay  was  performed. 

The  standard  curve  was  linear  over  the  range  of  concentra¬ 
tions  used  which  was  from  0.06  to  2.4  |j.g  of  phosphorus. 

Under  the  conditions  described  above,  1%  of  non-phage  phos¬ 
phorus  could  be  determined  in  the  suspending  medium. 

5.  Nitrogen  estimation. 

The  nitrogen  content  of  whole  phage,  and  of  the  pro¬ 
tein  and  nucleic  acid  fractions  of  the  phage,  was  determined 

by  the  method  of  Johnson  (1941).  Aliquots  of  0.25  to  1.0  ml 

12 

of  a  phage  preparation  titering  1.5  x  10  p.f.u./ml  were 
taken  for  estimation  of  the  total  nitrogen  content  of  phage 
SDI .  In  order  to  determine  the  nitrogen  content  of  the  pro¬ 
tein  and  nucleic  acid  components,  1.0  ml  aliquots  of  the 
phage  preparation  were  precipitated  with  4  vols  of  cold 
10%  trichloroacetic  acid.  The  nucleic  acid  fraction  was 
isolated  by  extracting  the  precipitate  two  times  with  hot 
5%  trichloroacetic  acid  (Schneider,  1945).  The  precipitated 
protein  was  dissolved  in  0.1  N  NaOH  and  nitrogen  determina¬ 
tions  were  performed  on  this  fraction  and  on  the  hot  trichloro- 


3ubxB9'i  pfilJlvasi  sii:t  bns  ddtlw  bBdBB  eiew  apfiilq 

xtDXqiwoo  oJ^fcfxfYXofln-orfqaortq  A  .  XOH  M  2-0  cii  bavloeaxb  bbw 
-BiJ  un  0S8  bsiBrnlSao  ^nosoiq  :tnuoiiiB  sfLt  bna  banno^  bbw 

♦nfiJB  s  5o  aJoupilA  .'X0iaOTO:JorfqO'i:foaqa  IKI  naoufosa  sci^  gnl 

\ 

napoibvriib  mijiaafiiyoq  mo-ii  be^sqexq  nox^x>Ioe  8i;xoriqaodq  MbI) 
o:^  bd&jj  eiow  (sbsip  :lns9Ba:i(  "boeYlB/iB  isdsa.")  s^^firfqaodq 
.bdnnoiiaq  aBW  dose  e\nup  bi-BbitEJa  &  eiaq^iq 

-fiadfiaanoo  5o  spnai  srf^  lavo  TBanxi  sbw  av'xup  bxsbfjs^a  odT 
.  acitiDriqaodq  Ito  pji^  P.£oJ  30.0  moi^  bbw  dolriw  bseu  axfOXJ^ 
-aoilq  spBffq-non  ,9vodfi  b9dJt:ioa9b  anoi^xbnoo  odd  ndbftU 

.muibsni  pnxbnoqBua  edJ  nx  bs^nximaisb  sd  bXuoo  euxorfq 

n&po 

-cxq  9r{d  "io  bnfi  ,9pBffq  slorfw  Jne^noo  nagoUin  erfT 

hdni.'rnsctsb  aew  .spsrfq  9rf:J  5:o  anoidosx^  biDB  aisloiin  bne  nled 

ini  O.I  oi  2£.0  eiowpilA  -(Xl^ei)  noanrfoL  Iko  borfddni  add  ycf 

c  f 

aiaw  ImX.i/il.q  01  x  2.1  pnixadxd  noidsieqaiq  eperfq  s 
apB  lq  Jo  drradnOD  neooxdia  Isdod  arfd  lo  noxdsmidsa  xo5  naded 
-oiq  add  dnsdnoo  napoxdxn  add  animiadeb  od  xabxo  nl  ,IQ3 
add  B:}copxlB  Xni  O.I  ^a:tfi9noqinoo  bios  oialDvn  baa  axad 
bXoo  do  alov  ^  rfdiw  badfidxqioaiq  axaw  noxdsxsqaxq  apfiriq 
8BW  nol:^OB:LJ  bioB  oloiovn  ariT  .bxoB  oxdaoBOxoXrfoxxd  i?0I 
dOff  rfdiw  aamxd  owd  edfidxqioa'xq  add  pnIdDexdxa  bedfiloax 
badBdxqioaiq  aiiT  .  (2^^X  ^xabisndoB)  bios  Dxdsosoxolrioixd 
“Bfiirmadab  ffspoidxn  bne  HObH  W  X.O  ni  bavloaaxb  asw  nxadcmq 
-oxoIfCoi^d  dorf  add  no  bna  noidosxl  eJtdd  no  baiTrLOdi.aq  aiaw  anoxd 


-13- 


acetic  acid  fraction.  Digestion  of  the  samples  was  carried 
out  with  H^SO^  and  CuSeO^  at  120°C  for  16  hours,  the  digest¬ 
ion  being  complete  in  this  period  of  time.  A  mercuri-ammon- 
ium  complex  was  formed  and  stabilized  with  gum  ghattis  the 
amount  form.ed  was  determined  at  490  m|u  in  the  Beckman  DU 
spectrophotometer.  Aliquots  of  a  standard  ammonium  chloride 
solution  ("Baker  analysed"  reagent  grade)  were  used  to  pre¬ 
pare  a  standard  curve  each  time  an  estimation  was  carried 
out.  The  standard  curve  was  linear  between  2.0  and  45  p.g 
of  nitrogen. 

6o  DNA  base  analysis. 

a.  Perchloric  acid  hydrolysis. 

Purified  phage  preparations  were  hydrolysed  with  12% 

perchloric  acid,  according  to  the  method  of  Marshak  and 

12 

Vogel  (1951).  A  10  ml  aliquot  containing  1  x  10  p.f.u. 
per  ml  was  sedimented  in  the  Model  L  Spinco  ultracentri¬ 
fuge,  and  taken  to  dryness  vacuo .  40  \il  of  72%  perchlor 

ic  acid  were  added,  an  atmosphere  of  nitrogen  introduced  and 
the  stopper  of  the  hydrolysis  tube  sealed  in  place  with  tape 
After  hydrolysis  at  lOO^C  for  40  mins  ,  40  \il  of  distilled 
water  were  added,  and  a  15  |ul  aliquot  of  the  resulting  sus¬ 
pension  was  applied  to  a  sheet  of  Whatman  No.  1  chromato¬ 
graphy  paper.  This  was  subjected  to  descending  chromato¬ 
graphy  using  aqueous  isopropanol  (65%  isopropanol)  made  2  N 
with  HCl  (Wyatt,  1951)  .  The  bases  were  located  with  U  V 
light  and  eluted  in  0,1  N  HCl.  Corresponding  blank  areas 
of  chromatograms  were  eluted  in  0.1  N  HCl  for  use  as  blanks 
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in  the  spectral  analysis.  The  bases  were  identified  by 
comparison  with  known  standards,  by  their  migration  in  the 
chromatographic  system,  and  by  their  U  V  spectral  proper¬ 
ties  . 

b.  Enzymic  hydrolysis. 

A  DNA  aliquot  equivalent  to  200  (rg  of  DNA  was  pre¬ 
cipitated  with  2  volumes  of  cold  isopropanol  and  washed 
with  cold  95%  ethyl  alcohol.  After  dissolving  the  pre¬ 
cipitate  in  200  |j,l  of  distilled  water,  2  |ul  of  0.1  M 
MgSO^  and  100  ^xl  of  a  solution  containing  0.2  mg  per  ml 
of  DNAse  (Hurst,  Marko  and  Butler,  1953)  were  added.  This 
solution  was  incubated  at  37°C  for  60  mins  ,  then  60  \il 
of  ammonium  formate  buffer  pH  9.0  and  200  to  400  [ul  of 
snake  venom  phosphodiesterase  (free  of  phosphomonoesterase 
activity)  were  added.  The  exact  amount  of  enzyme  added 
was  determined  by  its  activity.  The  mixture  was  incubated 
at  37°C  for  20  hours,  and  then  subjected  to  2-dimensional 
paper  chromatography  according  to  Singh  and  Lane  (1964) . 
The  solvent  used  for  the  first  dimension  was  composed  of 
80  volumes  of  95%  ethanol  and  20  volumes  of  water,  and  for 
the  second  dimension,  of  80  volumes  of  saturated  ammonium 
sulfate  and  2  volumes  of  isopropanol.  The  separated  nuc¬ 
leotides  were  located  with  U  V  light,  and  eluted  with  0.1 
N  HCl,  as  were  corresponding  blank  areas  of  the  chromato¬ 
grams  .  The  spectra  of  the  pyrimidine  nucleotides  and  the 
purine  bases  (produced  from  the  corresponding  nucleotides 
Ly  hydrolysis  in  0.1  N  HCl)  were  obtained  using  the  Bausch 
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and  Lomb  recording  spectrophotometer.  They  were  identi¬ 
fied  by  comparison  with  known  compounds. 

c.  Trace  base  analysis. 

Aliquots  containing  0.4  mg  of  phage  DNA  were  hydro¬ 
lysed  with  0.3  ml  of  90%  formic  acid  for  60  mins  at  175°C 
and  the  hydrolysates  evaporated  to  dryness  vacuo  (Wyatt 
and  Cohen,  1953)  .  The  residues  were  dissolved  in  30  (rl  of 
0.1  N  HCl  and  applied  to  Whatman  No.  1  chromatography  paper. 
Chromatography  was  carried  out  in  a  descending  fashion  in 
each  of  two  solvent  systems;  1)  aqueous  isopropanol  (65% 
isopropanol)  made  2  N  with  respect  to  HCl  (Wyatt,  1951) ; 

2)  aqueous  isopropanol  (65%  isopropanol)  with  the  addition 
of  a  few  mis  of  ammonia  to  the  solvent  in  the  bottom  of  the 
tank  (Hershey  ejb  ad,  1953)  .  These  solvent  systems  resolve 
5-methyl cytosine  and  5-hydroxymethyl cytosine  respectively 
from  adenine,  guanine,  cytosine  and  thymine.  An  amount  of 
5-methylcytosine  equal  to  2.0  |rg  in  a  1.5  cm  spot  on  a 
chromatogram  would  be  detectable. 

d.  Glucose  determination. 

The  method  used  to  detect  the  presence  of  glucose  in 
phage  DNA  was  that  of  Takahashi  and  Marmur  (1963) .  Aliquots 
containing  0.48  mg  of  phage  DNA  were  hydrolysed  for  1  hour 
in  1  N  HCl,  and  then  chromatographed  on  Whatman  No.  1  chrom¬ 
atography  paper.  The  solvent  used  for  the  separation  was 
composed  of  80  parts  isopropanol  and  20  parts  of  water;  it 
was  used  in  a  descending  fashion.  The  chromatogram  was  run 
for  16  hours,  dried  and  sprayed  with  diphenylamine-aniline 
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reagent  and  developed  in  a  hot  oven.  The  method  was  found 
to  be  capable  of  detecting  10  (ug  of  glucose  in  a  1.5  cm 
spot  on  a  chromatogram. 

e.  Determination  of  DNA  melting  temperatures. 

The  method  used  to  determine  the  melting  temperature 
of  the  phage  DNA  was  that  described  by  Marmur  and  Doty  (1962) . 
A  solution  of  25  (ug  per  ml  of  DNA  in  0.15  M  sodium  chlor¬ 
ide  -  0.015  M  sodium  citrate,  pH  7,  was  heated  and  the  ab¬ 
sorbancy  at  260  m|i,  determined  over  the  temperature  range  25° 

-  100°C.  The  absorbancy  determinations  were  performed  in 
the  Beckman  DK  spectrophotometer.  The  cuvette  compartment 
was  heated  by  circulating  a  water-ethylene  glycol  solution 
solution  from  a  Haake  thermostated  water  bath.  Plastic 
covers  were  fitted  on  the  quartz  cuvettes  used.  The  temper¬ 
ature  of  the  DNA  solution  was  read  by  means  of  a  thermometer 
fitted  through  a  hole  in  the  plastic  cover  of  the  cuvette. 

The  temperature  corresponding  to  half  the  increase  in  absorb¬ 
ancy  was  designated  the  melting  temperature  or  Tm.  The  guan- 
osine  and  cytosine  content  of  the  DNA  was  then  determined 
from  the  relationship  derived  by  Marmur  and  Doty;  Tm  =  69.3 
+  0.41  (G  +  C)  where  (G  +  C)  refers  to  the  mole  percentage 
of  guanine  and  cytosine. 

7.  Buoyant  density  determination. 

The  buoyant  density  of  the  phage  was  determined  on 

samples  which  were  purified  in  a  cesium  chloride  gradient. 

The  preparation  of  this  gradient  is  described  in  the  section 
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dealing  with  the  purification  of  the  phage.  One  tube  was 
selected  from  a  purification  experiment,  a  hole  punctured 
in  the  bottom  of  the  tube  and  drop  fractions  collected. 
Aliquots  of  20  |i,l  of  each  fraction  were  weighed  and  the 
specific  gravity  determined  by  comparison  with  the  weight 
of  an  equal  volume  of  water.  A  graph  of  specific  gravity 
and  of  phage  titer  versus  fraction  number  was  constructed. 

The  specific  gravity  of  the  phage  peak  was  taken  from  this 
plot.  Since  centrifugation  was  carried  out  at  approximately 
5*^C  and  the  specific  gravity  of  the  fractions  was  determined 
at  room  temperature,  approximately  25°C,  corrections  were 
made  to  obtain  a  value  of  the  buoyant  density  at  5*^C.  The 
density  at  25^  was  obtained  by  multiplying  the  specific 
gravity  figure  by  0.997,  the  density  of  water.  The  density 
at  5°,  equivalent  to  the  buoyant  density  of  the  phage,  was 
obtained  by  multiplying  the  density  at  25*^  by  1.007.  This 
figure  was  calculated  from  data  on  the  density  of  cesium 
chloride  solutions  at  different  temperatures  in  International 
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The  increase^ in  phage  titer  with  time  (hours)  in  defined 
niedium.  The.  initial  c^centrations  of  p.f.u.  and  c.f.u. 
were  5  x  10^ and  6  x  ICrper  ml  respectively,  representing 
a  multiplicity  of  10“^ 
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The" increase  in'  phage  titer  with  time  (hours)  in  defined 
medium.  The  initial  concgntrations  of  p.f.u.  and  c.f.u. 
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a  multiplicity  of 
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Experiment  I.  , 

The  increase ^in  phage  titer  with  time  (hours)  in  defined 
medium.  Thecinitial  concentrations  of  p.f.u.  and  c.f.u, 
were  5  x  10^  and  6  x  per  ml  respectively,  representing 

a  multiplicity  of  lO'' 
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Chapter  3 . 


A.  Production  and  Purification  of  Lysates. 

1.  Production  of  lysates. 

Analytical  studies  are  made  possible  only  if  large 
amounts  of  phage  are  available.  It  is  therefore  desirable 
to  obtain  the  phage  in  as  large  a  yield  as  possible  since 
losses  may  occur  during  purification.  The  conditions  where¬ 
by  optimal  yields  of  phage  are  produced  from  liquid  cultures 
were  investigated.  The  multiplicity  of  inf ection  (that  is 
the  ratio  of  p.f.u.  to  c.f.u.)  and  the  initial  concentra¬ 
tion  of  bacteria  were  varied  in  5  experiments .  These  ex¬ 
periments  were  carried  out  in  the  following  way. 

An  overnight  nutrient  broth  culture  of  _P.  aeruginosa 
B71  was  suitably  diluted  into  500  ml  of  defined  medium  to 
give  the  required  c.f.u.  Phage  was  diluted  in  saline-phos¬ 
phate  buffer  and  added  to  the  bacterial  culture  to  give  the 
appropriate  p.f.u.  concentration.  Samples  were  withdrawn 
at  2  hour  intervals,  diluted,  plated  for  surviving  bacteria 
and  titered  for  phage.  The  results  are  shown  in  Figs.  6  to 
10, which  depict  the  rise  in  phage  concentration  and  the  fall 
in  bacterial  concentration  over  the  time  period  of  the  ex¬ 
periment  . 

The  highest  yield  of  phage  was  found  in  experiment  4 

(Fig. 9  ) ,  where  the  final  phage  titer  obtained  was  2  x  10^^ 

p.f.u.  per  ml.  The  multiplicity  of  plaque  forming  to  colony 

5 

forming  units  employed  in  this  experiment  was  5  x  10  p.f.u. 
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8  —  3 

per  6  X  10  c.f.u.,  a  multiplicity  of  10  .  This  multipli¬ 

city  was  employed  in  the  production  of  subsequent  lysates 
in  the  following  manner.  An  aliquot  of  an  overnight  nutri¬ 
ent  broth  culture  of  bacteria  was  added  to  defined  medium 
and  equilibrated  at  37°C  to  give  a  concentration  of  approx- 

7 

imately  10  c.f.u.  per  ml.  This  culture  was  then  incubated 

until  the  turbidity  measured  at  440  m|i  indicated  the  pres- 

0 

ence  of  1  x  10  c.f.u.  per  ml  (usually  1  to  2  hours) .  A 

suitable  aliquot  of  phage  in  saline  phosphate  buffer  was 

5 

added  to  the  culture  so  that  a  concentration  of  10  p.f.u. 

.  .  -3 

per  ml  and  a  multiplicity  of  10  was  achieved.  This  cul¬ 
ture  was  incubated  for  7  1/2  to  8  hours.  Approximately  10 
to  20  ml  of  chloroform  were  added,  and  the  lysate  stored  at 
4^C  overnight.  Chloroform  was  removed  from  the  lysate  by 
blowing  air  over  the  surface  of  it:  1  to  2  mg  of  pancreatic 

_3 

DNAse  and  MgSO^  to  10  M  were  added  and  the  lysate  was  in¬ 
cubated  at  37°C  for  1  hour  to  reduce  the  viscosity  by  diges¬ 
tion  of  extraneous  DNA.  Finally  it  was  centrifuged  in  the 
G.S.A.  rotor  of  the  Servall  RC2  centrifuge  for  30  mins  at 
8,000  r.p.m.  Under  these  conditions  values  of  1  to  2  x  10^^ 
p.f.u.  per  ml  were  routinely  obtained  for  1  to  2  liters  of 
crude  lysate. 

2.  Concentration  of  phage  from  lysates. 

A  variety  of  methods  was  examined  in  order  to  find  a 
procedure  effective  in  precipitating  the  phage  from  the  dil¬ 
ute  lysate  suspensions.  The  addition  of  an  equal  or  larger 
volume  of  95%  ethanol  in  the  cold,  precipitated  no  more  than 
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10%  of  the  p.f.u.s  of  the  lysate.  Ammonium  sufate  added  to 
the  lysates  in  amounts  giving  10  to  80%  saturation  accord¬ 
ing  to  the  nomogram  of  Dixon  (1953)  did  not  result  in  the 
recovery  of  phage  activity  in  precipitates  which  were  form.ed. 
Effective  precipitation  of  the  phage  was  found,  however,  on 
adjustment  of  the  pH  of  the  lysate  in  the  range  8.0  to  8.5 

in  the  cold.  The  recovery  of  p.f.u.s  varied  from  5  to  40%. 

Essentially  complete  recovery  of  the  phage  was  found  in  pre¬ 
cipitates  resulting  from  the  addition  of  470  gm  of  ammonium 
sulfate  per  liter  (70%  saturation)  at  pH  8.0  to  8.5. 

The  procedure  adopted  for  the  concentration  of  phage 
from  the  lysate  suspensions  was  as  follows.  The  lysate  was 
chilled  in  an  ice  bath  and  the  pH  adjusted  to  8.2  with  NaOH. 
While  stirring  with  a  magnetic  stirrer,  470  gm  of  ammonium 
sulfate  were  added  per  liter  of  lysate.  When  this  was  dis¬ 
solved  the  pH  was  readjusted  to  8.2  and  the  suspensions  left 
to  stand  at  4^C  overnight.  The  precipitate  was  sedimented 
in  the  G.S.A.  rotor  of  the  Servall  centrifuge  at  8,000  r.p.m. 

for  30  mins.  The  pellets  obtained  were  resuspended  in  1/10 

of  the  original  lysate  volume  in  saline  phosphate  buffer. 

3.  Purification  of  phage. 

In  order  to  ascertain  the  value  of  purification  pro¬ 
cedures  three  criteria  were  employed.  The  first  was  the 
recovery  of  phage  activity.  The  second  criterion  was  the 
ratio  of  the  UV  absorbancy  to  the  phage  titer.  The  ab¬ 
sorbancy  at  260  mp,  and  at  280  m\i  of  a  phage  preparation 
titering  1  x  10  p.f .u.  per  ml  will  be  referred  to  as  the 
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E260  m|j,  and  the  E280  mia,  respectively.  The  E260  mij,  values 
for  the  DNA- containing  phages  G  and  T2  are  1.56  (Murphy  and 
Philipson,  1962)  and  3.6  (corrected  by  Murphy  and  Philipson, 
1962,  from  the  data  of  Hershey  ^  1953):  these  values 

were  used  as  a  guide  in  evaluating  the  course  of  purifica¬ 
tion.  The  spectral  properties  of  different  phage  prepara¬ 
tions  to  be  described  have  not  been  corrected  for  light 
scattering  since  the  removal  of  both  extraneous  light  scat¬ 
tering  and  absorbing  material  was  the  object  of  purification. 
The  E  values  for  the  most  purified  phage  preparations  are 
therefore  not  true  absorbancy  values.  The  third  criterion  of 
purity  was  the  absence  of  particulate  matter  other  than  in¬ 
tact  phage  particles  when  preparations  were  examined  by  elec¬ 
tron  microscopy. 

The  suspension  obtained  after  precipitation  with  ammon¬ 
ium  sulfate  contained  large  amounts  of  bacterial  debris,  some 
of  which  was  removed  by  centrifugation  at  8,000  r.p.m.  for 
30  mins,  in  the  GSA  rotor  of  the  Servall  centrifuge.  The 
brown  coloured  supernatant  obtained  after  centrifugation 
contained  essentially  all  of  the  phage  activity  of  the  ini¬ 
tial  crude  lysate  and  a  typical  preparation  had  the  follow¬ 
ing  properties: 


E2  60  mir  = 
E280  mjj,  = 


260 

280 


ratio= 


11.5 

7.0 

1.6 


The  phage  suspension  was  subjected  to  differential  centri¬ 
fugation.  Experiments  were  performed  to  observe  the  effects 


Figure  11 


Procedure  for  differential  centrifugation  of  crude 

phage  suspensions 


Ammonium  sulfate  precipitate,  suspended  in  saline- 
phosphate  buffer  at  1/10  the  original  lysate  volume 
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of  speed  and  duration  of  sedimentation  runs  on  the  removal 
of  impurities  and  the  recovery  of  phage  activity.  The  re¬ 
sults  of  one  experiment  are  shown  in  Table  I .  More  than 
half  of  the  260  and  280  m|i,  absorbing  material  was  removed 
from  the  suspension  after  sedimentation  of  the  phage  at 
25,000  r.p.m.  for  30  mins  in  the  no.  40  rotor  of  the  Spinco 
model  L  centrifuge.  This  absorbing  material  was  predomin¬ 
antly  RNA  as  it  gave  a  positive  orcinol  reaction.  A  con¬ 
siderable  amount  of  UV  absorbing  or  light  scattering  mater¬ 
ial  was  removed  by  low  speed  centrifugation.  It  was  evident 
too  that  as  the  speed  and  duration  of  low  speed  sedimentation 
runs  was  increased  the  recovery  of  p.f.u.s  was  correpondingly 
decreased.  Bacterial  debris  in  these  preparations  was  vis¬ 
ible  in  the  electron  microscope.  Attempts  to  separate 
the  debris  from  the  phage  by  digestion  with  RNAse,  DNAse, 
chymotrypsin ,  trypsin,  or  lysozyme  in  the  presence  of  EDTA 
were  unsuccessful.  Chromatographic  separation  of  the  phage 
on  DEAE-  or  CM-cellulose  or  on  CM-Sephadex  columns  was  un¬ 
successful  because  of  inactivation  which  resulted  from  this 
treatment . 

Differential  centrifugation  was  incorporated  in  the 
purification  procedure  according  to  the  scheme  shown  in 
Fig.  11.  The  final  high  speed  pellet  was  suspended  in  sal¬ 
ine-phosphate  buffer.  Further  purification  of  this  material 
was  attempted  by  means  of  rate  zonal  centrifugation  in  a 
linear  gradient  of  5  to  40%  sucrose.  Using  this  technique 


bacterial  debris  was  not  completely  dissociated  from  the  phage 
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band  which  was  very  diffuse  and  from  which  about  50%  of  the 
activity  was  recovered.  More  favourable  results  were  ob¬ 
tained  by  isopycnic  gradient  centrifugation  in  cesium  chlor¬ 
ide  according  to  the  method  of  Strauss  and  Sinsheimer  (1963). 

In  the  procedure  adopted  12  ml  of  a  phage  suspension 
in  saline-phosphate  buffer,  representing  an  initial  1  to  2 
liters  of  lysate,  were  distributed  between  the  three  tubes 
of  the  S.W.  39  rotor  of  the  Spinco  model  L  centrifuge.  Ces¬ 
ium  chloride  (Gallard  Schlesingers  special  biochemical  grade) 
was  added  in  the  amount  of  0.7  gm  per  ml  of  phage  suspen¬ 
sion  and  dissolved  in  the  tubes.  The  density  gradient  was 
established  during  a  run  of  24  hours  at  30,000  r.p.m.  The 
rotor  was  allowed  to  decelerate  without  braking  to  ensure 
that  the  gradient  was  not  disturbed.  After  centrifugation 
the  phage  appeared  as  a  discrete  band,  about  1/16  of  an 
inch  deep,  located  about  1/3  of  the  distance  up  from  the 
bottom  of  the  centrifuge  tube.  Initial  runs  performed  in 
the  no.  40  fixed  angle  rotor  according  to  Strauss  and  Sin¬ 
sheimer  did  not  yield  such  discrete  bands.  Visible  impur¬ 
ities  were  found  in  the  form  of  a  tough  brown  plug  at  the 
top  of  the  gradient,  and  in  a  pellet  at  the  bottom  of  the 
tube.  The  phage  was  extracted  by  gently  pushing  the  needle 
of  a  5  ml  syringe  to  the  level  of  the  phage  band  and  with¬ 
drawing  it.  The  phage  bands  from  the  three  tubes  were  com¬ 
bined  to  give  a  volume  of  about  3  ml  ,  which  was  then  di¬ 
luted  to  50  or  100  ml  with  saline-phosphate  buffer.  The 
phage  was  freed  of  cesium  chloride  by  sedimenting  in  the 
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Figure  12 


The  modified  differential  centrifugation 
procedure  used  for  purification  of  phage 
from  ammonium  sulfate  suspensions 


Ammonium  sulfate  suspension 
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no.  40  rotor  of  the  model  L  Spinco  at  30,000  r.p.m.  for 
30  mins,  and  resuspending  in  the  desired  buffer. 

The  properties  of  some  preparations  before  and  after 
purification  in  cesium  chloride  are  shown  in  Table  II.  All 
absorbancy  values  both  before  and  after  centrifugation  in 

cesium  chloride  are  adjusted  to  correspond  with  a  titer  of 

12 

1  X  10  p.f.u.  per  ml.  Little  if  any  debris  is  visible 
on  examination  of  these  preparations  in  the  electron  micro¬ 
scope  , 

The  purification  procedure,  comprising  the  scheme 
shown  in  Fig.  11,  followed  by  centrifugation  in  cesium 
chloride,  gave  recoveries  of  20  to  50%  of  the  p.f.u.  con¬ 
tained  in  the  arrmnonium  sulfate  suspensions.  Considerable 
losses  of  phage  occurred  in  the  intermediate  low  speed  cen¬ 
trifugation  runs .  Experiments  were  therefore  performed  to 
check  the  degree  of  purity  obtained  when  some  of  these  in¬ 
termediate  runs  were  omitted.  Two  lysates  were  produced 
and  the  ammonium  sulfate  suspensions  were  treated  as  shown 
in  Fig.  12.  The  properties  of  the  phage  suspensions  ob¬ 
tained  after  this  treatment  are  shown  in  Table  III. 

The  two  preparations  obtained  by  the  modified  puri¬ 
fication  procedure  appeared  to  have  spectral  properties 
comparable  to  those  obtained  by  the  longer  procedure  and 
the  recovery  of  phage  activity  appeared  to  be  higher.  Chem¬ 
ical  studies  on  preparations  obtained  by  both  procedures 
are  described  in  Chapter  3,  Part  B. 
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Table  IV 


The  size  of  phage  SDI  determined  from 
electron  micrographs 


Dimensions 

Head 

Tail 

Diameter  (mji,) 

50 

6.2 

Length  (mij,) 

— 

188 

3 

Volume  (mi_L  ) 

65.5  X  10^ 

5.7  X  10^ 

Total  volume: 

Head  +  tail 

71.2  X 

10^ 
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Figure  13 


Electron  micrograph  of  phage  SDI 


(x  260,000) 


Chapter  3 . 


B,  Results  of  Chemical  and  Physical  Studies  on  Phage  SDI . 

1.  Morphology. 

Phage  SDI  possesses  a  well  defined  head  and  tail,  visi¬ 
ble  in  the  electron  micrograph  of  Fig.  13.  The  head  has  a 
regular  hexagonal  outline  characteristic  of  phages  possessing 
icosahedral  symmetry.  The  tail  appears  to  be  of  a  simple  type 
having  no  sheath  or  apparent  contractile  mechanism.  Tail  fibres 
or  other  terminal  appendages  have  not  been  observed  in  electron 
microscope  examinations  of  various  phage  preparations.  The 
tail  possesses  a  uniform  helical  pattern  suggesting  that  it 
is  composed  of  regularly  arranged  protein  sub-units.  The  di¬ 
mensions  of  the  phage  were  determined  from  electron  micrographs 
and  are  shown  in  Table  IV. 

2.  Nucleic  acid  composition. 

Phage  SDI  contains  DNA.  The  results  of  diphenylam.ine 
determinations  made  on  five  different  phage  preparations  are 
shown  in  Table  V.  The  phage  preparations  are  described  in  Tables 
II  and  III.  The  DNA  content  was  obtained  by  equating  the  moles 
of  total  deoxyribose  found  withihie  mole  average  nucleotide 
weight  of  the  constituent  deoxyribonucleotides .  This  was  cal¬ 
culated  from  the  relative  proportion  of  these  in  SDI  DNA  (Part 

12 

B,  6).  The  average  DNA  content  is  110  jrg  of  DNA  per  10  p.f.u., 

or  1.1.  X  10“^^  gm  per  p.f.u.  There  is  a  considerable  variation 
in  the  estimated  DNA  content  of  the  phage  in  different  prepara¬ 
tions.  This  may  be  attributed  tothe  presence  of  inactive  phage 
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particles  in  varying  amounts  in  the  different  preparations. 
Such  inactive  particles  would  not  contribute  to  an  estima¬ 
tion  of  the  plaque  forming  units  present  in  a  preparation. 
They  would  however  contribute  to  the  DNA,  phosphorus,  and 
nitrogen  estimations  of  the  preparation.  This  is  illustrat¬ 
ed  by  the  fact  that  preparations  having  a  high  E  260  mir  and 
low  recovery  after  centrifugation  in  cesium  chloride  (prep¬ 
arations  4  and  6  of  Tables  II  and  III)  also  have  high  DNA 
contents  relative  to  their  titer.  Other  contaminations  may 

be  present  however,  since  the  ratio  ^.g-DNA  per  10^^  p.f.u. 

E  2  60  m|r 

is  not  constant  in  all  the  preparations  as  would  be  expected 
if  intact  but  biologically  inactive  particles  were  contribut 
ing  to  both  determinations . 

3 .  Phosphorus  content . 

Total  phosphorus  was  estimated  in  five  phage  prepara¬ 
tions  described  in  Tables  II,  III  and  V.  The  values  obtain 
ed  are  recorded  in  Table  VI .  The  suspending  medium  of  the 
phage  preparations  was  analysed  after  precipitation  of  the 
phage  and  was  found  to  be  essentially  free  of  phosphorus. 

The  average  phosphorus  content  of  the  phage  preparations  was 

12 

found  to  be  8.03pg  per  10  p.f.u.  from  which  a  value  of  8  x 
—  18 

10  gm  per  p.f.u.  may  be  calculated.  The  same  type  of 
variation  previously  described  for  the  diphenylamine  estima¬ 
tions  of  different  phage  preparations  was  found  in  the  phos¬ 
phorus  estimations.  In  contrast  to  the  discrepancy  in  the 
absolute  content  of  DNA  and  phosphorus  among  different  phage 
preparations,  the  ratio  of  the  phosphorus  content  to  the  DNA 
content  is  nearly  constant  in  all  the  preparations.  This 
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Table  VIII 


The  buoyant  density  of  phage  SDI 
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lends  support  to  the  interpretation  of  the  variability  in 
both  determinations  being  due  to  the  presence  of  variable 
amounts  of  inactive  particles  in  the  different  preparations. 
Phosphorus  accounts  for  7.23%  of  the  weight  of  DNA. 

4.  Nitrogen  content. 

The  nitrogen  content  of  whole  phage  and  of  the  phage 
protein  and  nucleic  acid  fraction  of  preparation  7  (describ¬ 
ed  in  Tables  III,  V  and  VI)  was  determined.  An  average  val- 

12 

ue  of  42.5  [ig  of  nitrogen  per  1.5  x  10  p.f.u.  or  2.83  x 
-17 

10  gm  per  p.f.u.  was  obtained  (Table  VII).  The  protein 
nitrogen  contributes  only  45%  of  the  total  phage  nitrogen, 
while  the  nucleic  acid  fraction,  that  fraction  soluble  in 
hot  trichloroacetic  acid,  contributes  about  55%  of  the  total 
nitrogen . 

5.  Buoyant  density. 

The  density  of  phage  SDI  was  determined  from  the  spec¬ 
ific  gravity  of  the  phage  fraction  in  a  cesium  chloride  dens¬ 
ity  gradient.  A  typical  plot  of  specific  gravity  and  phage 
titer  versus  fraction  number  (each  fraction  contained  10 
drops)  is  shown  in  Figure  14.  The  results  of  three  density 

determinations  are  shown  in  Table  VIII.  The  mean  density  was 

3 

found  to  be  1.52  gm  per  cm  . 

6.  Bases  analyses  of  DNA. 

The  base  composition  of  SDI  DNA  was  determined  by  ana¬ 
lysing  the  products  of  perchloric  acid  hydrolysis  of  whole 
phage  and  of  enzymic  hydrolysis  of  the  DNA.  SDI  DNA  was 
found  to  contain  adenine,  thymine,  guanine,  and  cytosine. 


Table  XIII 


Mobilities  of  bases  obtained  by  perchloric  acid  hydrolysis  of 
phage  SDI  during  chromatographic  separation  under  conditions 
described  in  Chapter  2,  Part  B6.  The  mobilities  are  calculated 

relative  to  thymine 
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Table  XII 


Spectral  properties  of  the  chromatographic  eluates 
corresponding  to  guanine  in  0.1  N  HCl 
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Table  XI 

Spectral  properties  of  the  chromatographic  eluates 
corresponding  to  adenine  in  0.1  N  HCl 
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Table  X 


Spectral  properties  of  the  chromatographic  eluates 
corresponding  to  deoxythymidine -5 ' -phosphate  in  0.1  N  HCl 


Expt 

250m|r 

X 

2  60m|r 

250mu 

280m|_L 

X 

2  60m|r 

280mu 

290m|j, 

X 

2  60mir 

290mu 

2  60m(j, 

2  60m|r 

2  60mir 

5 ’ -TMP 

0.395 

0.63  0 

0.627 

0.450 

0.63  0 

0.714 

0.130 

0.63  0 

0.206 

1 

0.220 

0.325 

0.677 

0.245 

0.325 

0.754 

0.090 

0.325 

0.277 

2 

0.165 

0.259 

0.637 

0.189 

0.259 

0.765 

0.051 

0.259 

0.197 

3 

0.162 

0.255 

0.635 

0.195 

0.255 

0.765 

0.06 

0.255 

0.232 

4 

0.165 

0.275 

0.600 

0.225 

0.275 

0.818 

0.075 

0.275 

0.273 

5 

0.180 

0.275 

0.635 

0.235 

0.273 

0.855 

0.095 

0.275 

0.345 

6 

0.085 

0.142 

0.599 

0.112 

0.142 

0.789 

0.030 

0.142 

0.207 

7 

0.149 

0.218 

0.683 

0.109 

0.218 

0.500 

0.038 

0.218 

0.174 

8 

0.120 

0.210 

0.571 

0.155 

0.210 

0.738 

0.035 

0.210 

0.167 

9 

0.120 

0.190 

0.632 

0.135 

0.190 

0.711 

0.040 

0.190 

0.211 

10 

0.155 

0.250 

0.620 

0.185 

0.250 

0.740 

0.055 

0.250 

0.220 

Average 

0 

.631 

0 

.744 

0.230 
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Table  IX 


Spectral  properties  of  the  chromatographic  eluates 
corresponding  to  deoxycytidine-5 ' -phosphate  in  0.1  N  HCl 


Expt 

250n^  260m^  f|^ 

X 

280r^  260m^ 

X 

290r^  2601.^  ||^ 

5 ' -dCMP 

0.180  0.425  0.423 

0.895  0.425  2.106 

0.655  0.425  1.541 

1 

0.110  0.238  0.462 

0.530  0.238  2.226 

0.395  0.238  1.660 

2 

0.082  0.210  0.390 

0.465  0.210  2.214 

0.345  0.210  1.640 

3 

0.099  0.220  0.450 

0.460  0.220  2.091 

0.340  0.220  1.619 

4 

0.090  0.229  0.393 

0.520  0.229  2.271 

0.390  0.229  1.703 

5 

0.090  0.215  0.419 

0.490  0.215  1.902 

0.390  0.215  1.814 

6 

0.040  0.105  0.381 

0.195  0.105  1.857 

0.130  0.105  1.238 

7 

0.085  0.195  0.435 

0.400  0.195  2.051 

0.285  0.195  1.462 

8 

0.095  0.210  0.452 

0,420  0.210  2.000 

0.300  0.210  1.429 

9 

0.090  0.215  0.419 

0.465  0.215  2.163 

0.350  0.215  1.628 

10 

0,060  0.145  0.414 

0.335  0.145  2.310 

0.250  0.145  1.724 

Average 

0.422 

2.109 

1.592 
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The  bases  were  identified  spectrophotometrically  by  comparison 
with  known  standards .  Spectral  properties  of  the  products 
of  enzymic  hydrolysis  of  DNA  and  of  standard  compounds  are 
presented  in  Tables  IX  to  XII .  Similar  data  were  obtained 
for  the  bases  released  on  perchloric  acid  hydrolysis^  using 
standard  bases  for  comparision.  The  mobility  of  the  products 
of  hydrolysis  relative  to  the  mobility  of  known  compounds  in 
the  chromatographic  systems  used  was  also  employed  as  a  means 
of  identification.  The  mobilities  of  the  bases  released  by 
perchloric  acid  hydrolysis  of  the  phages  are  documented  in 
Table  XIII:  the  mobilities  are  expressed  relative  to  that  of 
thymine . 

The  appearance  of  adenine  and  guanine  in  the  products  of 
enzymic  hydrolysis  is  due  to  hydrolysis  of  the  N-C  glycosidic 
bond  of  the  purine  nucleotides  in  the  0.1  N  HCl  used  to  elute 
the  nucleotides  from  the  chromatograph.  Hydrolysis  was  98  to 
99%  complete  in  1  hour  for  both  5 ' -dGMP  and  5 ' -dAMP . 

In  the  first  five  enzymic  experiments  a  period  of  one 
hour  was  used  for  the  elution  and  hydrolysis.  In  the  last  five 
experiments  the  5 ’ -dGMP  and  5 ' -dAMP  were  left  in  0.1  N  HCl  over¬ 
night  at  37*^C  to  ensure  100%  hydrolysis.  No  differences  were 
found  in  the  results  obtained  under  the  two  conditions  of  elu¬ 
tion  . 

The  molar  base  ratios  were  estimated  from  the  relative 
amounts  of  each  of  the  products  released  by  hydrolysis.  Quant¬ 
itation  was  based  on  the  molar  extinction  coefficients  of  com¬ 
pounds  at  the  wavelengths  of  maximum  absorption,  X  max,  in  0.1 
N  HCl.  In  the  case  of  enzymic  hydrolysis  the  products  in  0.1  N 
HCl  were  the  purine  bases  and  the  pyrimidine  deoxyribonucleo- 


tides . 


Table  XV 


Molar  base  ratios  of  phage  SDI  DNA  obtained  by  analysis 
of  perchloric  acid  hydrolysates  of  whole  phage 


Estima¬ 
tion  no 

Molar 

base  ratios  calculated 
to  total  4 . 00 

%  recovery 

Adenine 

Cytosine 

Thymine 

Guanine 

1 

0.95 

1.15 

0.88 

1.02 

84 

2 

0.98 

1.14 

0.82 

1.06 

79 

3 

0.96 

1.13 

0.86 

1.05 

80 

4 

1.01 

1.08 

0.84 

1.07 

76 

5 

0.97 

1.10 

0.89 

1.04 

78 

6 

1.03 

1.10 

0.87 

1.00 

88 

Average 

values 

0.98 

1.11 

0.87 

1.04 

81 

^  the  «i»ctlhCtlon  cofti  r,U?-«nt;S» 

VIX  sIdaT 

M  E  -  /:ul  «  2'*'^  ■■  »:  • 

yd  bsnifiddo  (1^  ^cf  Xfi^oi  iBloni  dd^uoid)  a«Ba 

fiMQ  108  e^arfq  '!(ib^^adcayIoibY}l'  Ditoysne  ^  ‘aiiyisn/s 

S’-tltMf  »  '4  it  K  \  ** 


zyjTiic  <il9Bfttio«.  oppeared  to  b«  eoj^pieto  since  virtually  no 

1 

OV  abeorbinq  wiiterlal  <ii»t#cfed  at  the  oriql:!  of  any  of 
the  c:j}iro.diaiograin»  *•  b»  «xp0ct«ad  if  oligonucleotides 
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Table  XIV 


Base  ratios  (brought  to  molar  total  of  4)  obtained  by 
analysis  of  enzymic  hydrolysates  of  phage  SDI  DNA 


Expt 

no 

Adenine 

Cytosine 

Guanine 

Thymine 

%  recovery 
for  expt 

%  260mij, 

OD  left 
at  origin 

1 

0.948 

1.060 

1.006 

0.986 

2.6 

2 

1.035 

1.057 

0.988 

0.920 

- 

1.4 

3 

0.929 

1.095 

1.023 

0.952 

- 

0 

4 

1.013 

1.087 

0.973 

0.926 

— 

0.8 

5 

0.972 

1.015 

1.100 

0.913 

- 

0,8 

6 

0.947 

1.045 

1.053 

0.955 

89 

0 

7 

0.936 

1.139 

0.989 

0.936 

96 

1.3 

8 

0.948 

1.107 

1.072 

0.872 

100 

1.5 

9 

0.969 

1.069 

1.052 

0.910 

92 

0 

10 

0.945 

1.109 

1.040 

0.906 

94 

1.0 

total 

9.642 

10.783 

10.296 

9.276 

average 

0.964 

1.078 

1.030 

0.928 

94 

0.8 
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The  extinction  coefficients  used  were: 

A  £  =  13.2  X  10^  at  263  ium, 

G  ’■  =  11.4  X  10^  ” 

5 '-dCMP  ”  =  13 .2  X  10^  " 

5 ' -dTMP  ”  =  9 . 6  X  10^  " 

The  amount  of  each  compound  isolated 
ing  to  the  equation: 

absorbancy  at  X  max. 

molar  extinction  at  \  max. 

The  relative  amount  of  each  compound 
estimated  by  using  the  equation: 

moles  of  compound  x  4  _ 

sum  (in  moles)  of  4 
constituent  compounds 

Similar  calculations  were  made 
base  ratios  in  perchloric  acid  hydrolysates:  in  this  case 
the  molar  extinction  coefficients  of  the  bases  were  used  in 
the  calculation.  The  molar  base  ratios  determined  for  each 
of  10  analyses  of  enzymic  hydrolysates,  and  for  6  analyses 
of  acid  hydrolysates  are  shown  in  Tables  XIV  and  XV.  The 
molar  base  ratios  obtained  indicate  a  near  equivalence  in 
the  amounts  of  all  4  bases  in  the  DNA.  The  recovery  of 
nucleotide  components  in  both  types  of  analysis  was  calcu¬ 
lated  from  the  phosphorus  content  of  the  preparation  ana¬ 
lysed  assuming  a  molar  relationship  between  the  two.  En¬ 
zymic  digestion  appeared  to  be  complete  since  virtually  no 
UV  absorbing  material  .was  detected  at  the  origin  of  any  of 
the  chromatograms  as  would  be  expected  if  oligonucleotides 


248  m(j, 

286  mji, 

2  67  mp, 

was  calculated  accord- 

=  moles  per  liter, 
in  each  analysis  was 

molar  ratio  in  a 
total  of  4  moles 

to  determine  the  molar 


Table  XVI 


Statistical  analysis  for  the  true  mean  proportion 

of  adenine  in  SDI  DNA 


Molar  ratio  (x^) 

2  2 

Molar  ratio  (x^^) 

0.948 

0.8987 

1.035 

1.0710 

0.929 

0.8630 

1.013 

1.0260 

0.972 

0.9448 

0.947 

0.8968 

0.936 

0.8761 

0.948 

0.8987 

0.969 

0.9390 

0.945 

0.8930 

9.642  =  £x^ 

9.3071  =  ( £  X  ^ 

92.9681  =  (Ix^)^ 

0.9642  X 

Sx^  =  ^  (Cx,2)l 

=  0.00114 
.  Sx  =  0.03376 


The 

for 

M- 


true  mean  proportion,  \i,  with  95%  confidence  limits 
10  observations  is  calculated  from: 


^95,n-l 


X 


[-7^1 


^95,9 


2.262 


M-  = 


0.9642 


0.02552 
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were  present  in  the  digests.  The  values  for  thymine  obtain¬ 
ed  from  the  analyses  of  acid  hydrolysates  were  consistently 
low,  A  loss  of  thymine  during  hydrolysis  with  perchloric 
acid  has  been  noted  by  other  workers,  e.g.  Marshak  and  Vogel 
(1951) . 

Only  the  data  obtained  for  the  enzymic  hydrolysates 
were  analysed  statistically  because  the  results  were  consid¬ 
ered  more  reliable  than  those  obtained  from  the  acid  hydro¬ 
lysates,  The  mean  proportion  of  the  4  bases  in  SDI  DNA  is: 


0,964  -  0,026 
1,078  t  0,027 
1,030  -  0,031 
0,928  -  0,024 


adenine 


cytosine 

guanine 


thymine 


The  statistical  analysis  for  adenine  is  given  as  an  example 
of  the  statistical  method  used  to  calculate  the  true  mean 
proportion  ([i)  with  95%  confidence  (Table  XVI)  .  Although 
the  4  bases  occur  in  almost  equimolar  proportions  the  true 
mean  proportion  of  adenine  is  similar  to  that  of  thymine 
and  different  from  that  of  guanine  and  cytosine.  The  true 
mean  proportion  of  guanine  is  similar  to  that  of  cytosine. 
The  molar  equivalence  of  adenine  and  thym.ine  and  of  guanine 
and  cytosine  is  analogous  to  that  found  in  most  DNAs  (Char- 
gaff,  1955) ,  The  sum  of  the  purine  bases  is  essentially 
equivalent  to  the  sum  of  the  pyrimidine  bases: 


adenine  +  guanine 

thymine  +  cytosine 


=  0.994 


In  order  to  determine  whether  the  phage  DNA  contained 


RELATIVE  OD 


FIG  15. 

The  thermal  denaturation  ol'  phage  SDI  DNA, 
by  the  changes  in  absorption  at  260  mu. 


determined 
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lOO 
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5-methyl  cytosine  or  5-hydroxymethyl cytosine  as  minor  constit¬ 
uents,  formic  acid  hydrolysates  were  chromatographed  in  two 
solvent  systems' known  to  resolve  these  bases  from  the  4  bases 
found  in  SDI  DNA.  Neither  base  was  found:  in  the  case  of 
5-methylcytosine ,  1  mole  in  50  moles  of  the  DNA  bases  would 
have  been  detected.  A  similar  consideration  applies  to  5- 
hydroxymethyl cytosine  although  this  was  not  run  as  a  control. 
Uracil  or  uridylic  acid  was  not  detected  on  any  of  the  chrom¬ 
atograms  . 

SDI  DNA  was  hydrolysed  in  HCl  in  order  to  release  any 
glucose  that  might  be  associated  with  the  bases.  No  glucose 
was  found  although  1  mole,'  in  30  moles  of  DNA  bases  would  have 
been  detected. 

The  thermal  denaturation  of  SDI  DNA  was  examined  by 
following  the  change  in  absorption  at  260  m|j, .  A  "melting 
curve^’  is  shown  in  Fig.  14:  the  absorbancy  relative  to  that 
at  25°C  is  plotted  over  the  range  25  to  lOO^C.  The  sharp 
hyperchromic  change  over  a  narrow  temperature  range,  in  this 
case  89  to  96°C,  and  the  amount  of  hyperchromicity ,  28%,  are 
characteristic  of  highly  ordered  double  stranded  structures 
(Shack,  1958;  Sinsheimer,  1959) . 

The  temperature  at  which  half  the  maximal  absorption 
of  the  DNA  was  reached  (Tm)  is  linearly  related  to  the  guan¬ 
ine  +  cytosine  content  of  the  DNA  (Marmur  and  Doty,  1962) . 

In  two  experiments  the  Tm  of  SDI  DNA  was  found  to  be  91.3°C 
and  91.1°C  from  which  a  figure  for  the  guanine  +  cytosine 
content  of  53.2%  can  be  estimated.  This  is  in  good  agree¬ 
ment  with  the  figure  of  52.7%  obtained  by  base  analysis  of 


the  DNA. 
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Chapter  4. 


Discussion . 


Phage  SDI  is  similar  in  size  (Table  IV)  and  morphology  to 
the  coliphages  X  and  T1 .  Phage  X  has  a  head  54  mp,  in  dia¬ 
meter,  and  a  sheathless  tail  7  x  140  m|i,  in  length;  T1  has 
a  head  50  m[r  in  diameter,  and  a  similar  tail  10  x  150  mp, 
long.  The  regular  hexagonal  outline  of  the  SDI  head  sug¬ 
gests  icosahedral  symmetry  which  is  possessed  by  other 
sheathless  tailed  phages  such  as  T5  (Bradley,  1963)  .  The 
chemical  composition  of  phage  SDI  will  be  mainly  compared 
to  that  of  the  Bacillus  megatherium  phage  G  (Murphy  and 
Philipson, 1962 )  which  is  slightly  larger  than  SDI  but  also 
of  a  similar  morphological  appearance.  The  chemical  and 
physico-chemical  properties  of  phage  G  studied  by  Murphy 
and  Philipson  provide  more  uniform  parameters  for  compari¬ 
son  with  phage  SDI  than  the  data  available  on  phages  X  and 
Tl. 

The  purification  procedures  outlined  in  Chapter  3, 

Part  A,  have  yielded  a  preparation  of  phage  SDI  (prepara- 

p 

tion  7,  Table  III)  having  a  —  ratio  of  0.26  which  can  be 
compared  to  that  of  0.32  for  phage  G,  and  0.27  for  T5  (Smith 

p 

and  Wyatt,  1951) .  The  —  ratio  is  characteristic  of  the 
nucleoprotein  composition  of  these  phages. 

The  DNA  component  of  phage  SDI  contains  essentially 
equimolar  amounts  of  adenine  and  thymine,  and  of  guanine 
and  cytosine.  It  is  thus  similar  to  cellular  DNA  and  to 
many  other  bacteriophages.  It  seems  probable  that  SDI  DNA 
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possesses  an  extensively  ordered  structure  since  thermally 
induced  denaturation  takes  place  over  a  narrow  temperature 
range  and  results  in  a  28%  increase  in  absorbancy  at  260 
mji, .  This  absorbancy  increase  is  similar  to  the  value  of 
25%  obtained  by  Lawley  (1956)  and  Shack  (1958)  in  similar 
studies  of  calf  thymus  DNA.  It  is  in  contrast  to  the  re¬ 
sults  obtained  for  single  stranded  0  x  174  DNA  or  for  samples 
of  previously  denatured  DNA  (Sinshiemer,  1959).  The  thermal 
denaturation  profile  together  with  the  equivalence  of  the 
base  pairs  suggests  that  SDI  DNA  possesses  a  structure  of 
the  type  proposed  for  DNA  by  Watson  and  Crick  (1953) . 

The  purification  procedure  has  not  yielded  uniform 
phage  preparations  as  evidenced  by  the  figures  obtained  for 
the  E2  60  m^,  values  and  the  DNA  and  phosphorus  contents  rela¬ 
tive  to  the  titer  of  each  preparation.  Several  preparations 
were  examined  by  electron  microscopy  and  found  to  be  essen¬ 
tially  free  of  particulate  debris.  Since  the  phage  has  been 
shown  to  have  a  buoyant  density  of  1.52  gm/cm  ,  and  protein 
and  native  double  stranded  DNAs  have  buoyant  densities  of 
approximately  1.3  gm/cm  and  1.7  gm/cm  respectively  (Weigle 
and  Meselson,  1959)  it  seems  unlikely  that  either  protein  or 
DNA  would  band  with  the  phage  during  centrifugation  in  ces¬ 
ium  chloride.  Ghosts,  phage  protein  coats  without  the  nuc¬ 
leic  acid  portion,  would  not  be  expected  to  band  with  the 
intact  phage  during  centrifugation  but  they  could  arise  after 
centrifugation.  Thus  Murphy  and  Philipson  note  that  their  best 
preparations  of  phage  G  contained  only  3%  of  ghosts  after 
chromatography  on  DEAE-cellulose .  After  2  weeks  storage  at 
4°C  however  the  fraction  of  ghosts  had  risen  to  20%.  In 
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the  preparations  of  SDI  phage  which  have  been  examined  in 
the  electron  microscope,  the  approximate  proportions  of 
ghosts  have  varied  between  1  or  2%  to  about  20%  in  differ¬ 
ent  preparations.  Except  for  preparation  2,  Table  II, 
preparations  having  a  high  E260  m|i,  value  after  purification 
are  those  which  lost  considerable  titer  during  centrifuga¬ 
tion  in  cesium  chloride.  These  preparations  also  had  a  high 
DNA  content  relative  to  their  titer.  It  would  appear  that 
these  preparations  contained  higher  numbers  of  biologically 
inactive  particles  but  retained  some  or  all  of  their  nuc¬ 
leic  acid  component.  It  is  noteworthy  that  the  recovery 
of  phage  G  after  centrifugation  in  cesium  chloride  is  com¬ 
plete  in  terms  of  absorbancy  units  but  only  65%  with  re¬ 
spect  to  phage  activity  (Murphy  and  Philipson,  1962) .  The 
lowest  E260  m|u  value  for  phage  SDI  preparations  was  2.1 

(prep.  no.  1,  Table  II).  The  volume  of  SDI  was  estimated 

3  3 

to  be  72.1  X  10  m|r  .  By  comparison  phage  G  whose  volume 

3  3 

has  been  estimated  to  be  98.3  x  10  m|i  has  an  E260  m|i  val¬ 
ue  of  1.53  (Murphy  and  Philipson,  1962).  Apparently  all 
the  SDI  preparations  contain  inactive  particles. 

The  nitrogen  determinations  made  on  preparation  7, 
Table  III,  indicate  that  55%  of  the  total  phage  nitrogen  is 
contributed  by  the  DNA  fraction  and  45%  by  the  protein  frac¬ 
tion.  This  result  is  analogous  to  that  found  for  the  coli 
phage  T2  in  which  53%  of  the  total  nitrogen  is  contributed 
by  the  DNA  fraction  and  40%  by  the  protein  fraction  (Herri- 
ott  and  Barlow,  1952) .  In  the  case  of  T2  some  6  to  7%  of 
the  nitrogen  is  also  contributed  by  material  soluble  in 
cold  trichloroacetic  acid. 
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A  knowledge  of  the  nitrogen  contribution  of  the  nuc¬ 
leic  acid  and  protein  fractions  of  preparation  7  permits  an 
estimate  to  be  made  of  the  relative  amounts  of  protein  and 
DNA  in  the  phage.  The  nitrogen  content  of  the  protein  frac¬ 
tion  can  be  calculated  by  assuming  that  nitrogen  comprises 
16%  of  the  protein  weight: 

18.7  X  =  116.9  [ug  protein  per  ml. 

The  nitrogen  content  of  the  nucleic  acid  fraction  was  23.5 
jug  per  ml;  the  weight  of  the  DNA  fraction  can  be  estimated 
by  utilizing  the  nitrogen  contribution  to  the  mole  average 
nucleotide  weight  of  the  DNA  calculated  from  its  base  comp¬ 
osition  ; 

23.5  X  ‘  I  =  144.2  irg  DNA  per  ml. 

This  figure  is  somewhat  less  than  the  154  [ug  per  ml  obtain¬ 
ed  by  the  diphenylamine  assay.  Based  on  these  estimates, 
the  DNA  component  comprises  55%,  and  the  protein  component 
45%  of  the  total  weight  of  the  phage.  Phage  G  contains  55% 
by  weight  of  DNA  when  a  figure  for  the  partial  specific  vol¬ 
ume  is  utilized  and  45%  by  weight  of  DNA  based  on  its  phos¬ 
phorus  content  (Murphy  and  Philipson,  1962) . 

The  phosphorus  content  of  the  phage  accounts  for  7.2% 
of  the  DNA  weight.  A  value  of  9.6%  would  be  expected  on 
the  basis  of  the  nucleotide  composition  and  the  diphenyl¬ 
amine  estimation  of  the  DNA  content.  The  reason  for  this 
di.screpancy  is  not  immediately  apparent.  The  phosphorus 
content  of  preparation  7  was  11.05  ^i,g  per  ml  accounting 
for  7.7%  of  the  DNA  weight  and  4.3%  of  the  whole  phage 
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weight  estimated  from  the  nitrogen  analyses.  Phosphorus 
accounts  for  4.9%  of  the  weight  of  phage  G  (Murphy  and 
Philipson,  1962),  and  5.2%  of  the  weight  of  phage  T2  (Herr- 
iott  and  Barlow,  1952) .  Murphy  and  Philipson  acknowledged 
that  their  figure  was  low  and  suggested  that  phage  parti¬ 
cles  might  have  been  lost  by  adsorption  to  the  dialysis 
membranes  used.  In  the  case  of  SDI ,  phage  activity  was 
not  lost  on  dialysis  against  1%  ammonium  acetate. 

An  approximate  calculation  of  the  mass  of  phage  SDI 
can  be  made  on  the  basis  of  its  dimensions  and  its  buoyant 
density ; 

71.2  X  10  cm^/particle  x  1.52  gm/cm^  =  1.08  x  10”^^ 

gm/particle . 

The  mass  of  the  phage  can  also  be  estimated  from  the 

values  obtained  for  the  nitrogen  assay  of  preparation  7;  the 

average  total  nitrogen  of  the  preparation  was  found  to  be 

12 

4.25  ii,g/1.5  X  10  p.f.u.  The  contributions  of  the  DNA  and 
protein  fractions  to  the  total  weight  were  calculated  as 
previously  outlined  from  the  percentage  contribution  of 
nitrogen  to  these  fractions.  The  calculation  for  the  mass 
is  as  follows: 

12 

1.5  X  10  p.f.u.  =  117  jug  protein  +  144  i^ig  DNA 

=  261  X  10  ^  gm 

1  p.f.u.  =  1.74  X  10  gm 

The  large  discrepancy  between  the  two  estimations  of  the  mass 
of  phage  SDI  can  be  attributed  in  part  to  the  dependence  on 
phage  activity  as  a  parameter  in  the  calculation  based  on  the 
nitrogen  assay. 
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Chapter  4. 


Summary. 

Phage  SDI  possesses  a  head  of  regular  hexagonal  out¬ 
line  and  a  long  sheathless  tail.  The  head  is  50  m(i,  in  dia¬ 
meter  and  the  tail  is  6.2  mij,  wide,  and  188  m|j,  long. 

Phage  SDI  has  been  purified  from  lysates  titering  1 
to  2  X  10^^  p.f.u.  per  ml.  The  purification  procedure  in¬ 
volved  concentration  of  the  phage  from  the  lysates  with 
ammonium  sulfate  at  pH  8.2,  differential  centrifugation 
and  density  gradient  centrifugation  in  a  cesium  chloride 
solution.  The  yield  of  phage  varied  between  20  and  70%. 

The  preparations  obtained  were  judged  to  be  free  of  con¬ 
tamination  when  inspected  in  the  electron  microscope. 

Five  preparations  were  analysed  with  respect  to  their 
UV  absorption  and  DNA  and  phosphorus  contents  relative  to 
their  titer.  Discrepancies  in  these  analyses  could  be 
attributed  to  the  presence  of  varying  amounts  of  biologic¬ 
ally  inactive  particles  in  the  different  preparations. 

The  average  DNA  content  was  found  to  be  1.1  x  10 

—  18 

gm  per  p.f.u.  and  the  phosphorus  content  8  x  10  gm  per 

p.f.u.  The  nitrogen  content  was  determined  for  one  phage 

-17 

preparation  and  found  to  be  2.8  x  10  gm  per  p.f.u.,  of 

which  55%  was  contributed  by  the  DNA  fraction  and  45%  by 

the  protein  fraction.  DNA  comprises  approximately  55% 

and  protein  45%  of  the  total  weight  of  the  phage. 

Base  analysis  of  SDI  DNA  revealed  that  it  contains 

almost  equimolar  amounts  of  adenine  and  thymine  and  of 
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guanine  and  cytosine.  Guanine  and  cytosine  comprise  approx¬ 
imately  53%  of  the  DNA  bases.  No  5-methylcytosine,  5-hydro¬ 
xymethyl  cytosine  or  glucose  was  detected.  SDI  DNA  is  a 
highly  ordered  structure  since  thermal  denaturation  results 
in  a  sharp  increase  in  UV  absorption  over  a  narrow  tempera¬ 
ture  range. 
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